Introduction
The complex interactions that initiate the inflammatory response in sepsis can be triggered by molecules expressed by pathogens (PAMPs or pathogen-associated molecular patterns) or derived from the injured tissues themselves (DAMPs or damage-associated molecular patterns). Inflammatory processes that originate from bacterial infections can be similar, in terms of fever and expression of mediators, to the ones arising from traumatic tissue injury and tumors [1, 2] . Diagnosing bacterial infections in children with cancer can pose difficulties, due to inflammation already present by intermittent exposure to signaling DAMPs released from normal or malignant cells destroyed by cytotoxic treatment. These children often present signs of systemic inflammatory response syndrome (SIRS), such as fever and tachycardia in the absence of infection (sterile inflammation). However, the rapid diagnosis of infections in these patients is critical because the delay in the administration of appropriate antibiotics is associated with high mortality. Furthermore, chemotherapy is postponed in the presence of infection. Thus, differentiating sterile inflammation from infection is also important to avoid interruptions in treatment [3] [4] [5] .
Information on proinflammatory and anti-inflammatory immune responses has increased in the recent years, demonstrating sepsis as a highly dynamic biological process, with immunosuppression signals coexisting with the inflammation from the initial stages [6] . One of the immunosuppressive mechanisms is deficient production of inflammatory cytokines, such as IL-1β, IL-12, TNF-α, and IL-6, without reduction or with increase in production of antiinflammatory cytokines such as IL-10, by macrophages, and by monocytes undergoing reprogramming [7, 8] . These mechanisms augment the immunosuppression already present in the patient with cancer. Inflammatory signs and symptoms are usually described as attenuated in infections of febrile neutropenic patients [9] , assuming that inflammatory response is also attenuated, but which is in fact understudied. Although mediators such as IL-8 and IL-6 have been evaluated in febrile neutropenic children as risk markers for severe infections, the kinetics of cytokines during the time of fever or occurrence of sepsis has been rarely studied [10] . We found no data, for example, about the behavior of the IL-23/IL-17 axis, associated with protective immunity at mucosal surfaces [11] , a decisive factor in bacterial translocation in patients undergoing chemotherapy. In addition, there are no data on potential pro-or anti-inflammatory effects of filgrastim, an analogue of cytokine granulocyte colony-stimulating factor (G-CSF) widely used in the treatment of neutropenia.
The main objectives of this study were to investigate the dynamics of the inflammatory and anti-inflammatory responses in febrile neutropenic children, throughout the progression of intercurrent sepsis and recovery of leukocytes, by means of the measurement of circulating cytokines (IL-1β, TNF-α, IL-10, IL-12/23p40, IL-21, IL-6, IL-8, IL-17, G-CSF, and GM-CSF) in plasma. Also, we aimed to evaluate the performance of these cytokines as sepsis discriminators compared with procalcitonin (PCT) and a clinical/laboratory model for risk assessment on the first day of fever. Secondary objectives were to assess the possible influence of filgrastim on the expression of these markers and the proper functioning of IL-17/IL-23 axis in these patients.
Methods
The protocol was approved by the local Ethics Committee. After informed consent was obtained from parents, patients aged up to 18 years (incomplete) were sequentially included, according to the following criteria: presence of an oncologic disease and low-or high-risk for febrile neutropenia (according to a high-risk assessment model based on clinical data and CRP; Table 1 ). Patients were followed for 60 days. Sepsis was defined according to the 2005 consensus [12] . Blood samples (2 mL) were collected from patients on the first day of fever in children with neutropenia and then on days 2, 3, 5, and 14. After centrifugation and separation of plasma, samples were frozen initially at −20°C and posteriorly at −80°C. IL-1β, TNF-α, IL-10, IL-12/23p40, IL-21, IL-6, IL-8, IL-17, G-CSF, and GM-CSF were measured using the Cytometric Bead Array (CBA) Flex Set from Becton & Dickinson (BD Biosciences, San Jose, CA, USA). PCT was measured by ELISA (Human Procalcitonin ELISA, Biovendor, Brno, Czech Republic). Additional blood samples (2 mL) were collected in EDTA tubes for blood cell analyses, which were performed in automated counter (Cell-Dyn Ruby, Abbott, Illinois, USA), with microscopic examination of blood smear by the hematologist when necessary.
Data were analyzed with SPSS 20.0 software (IBM Corp., Armonk, NY, USA) and Minitab 17 (Minitab Inc., State College, PA, USA). The variables were described as medians and interquartile ranges. The value of significance was P < 0 05. Differences between groups were evaluated using the Mann-Whitney U test. Correlations were assessed by the Spearman test and linear regression. Bootstrap was used to determine the confidence intervals and the standard error with resampling of at least 1000 tables. ROC curves were used to assess usefulness of markers as discriminators of sepsis. Optimal cutoff points were determined by the Youden J index (J = {maximum sensitivity + specificity − 1}) [13] . Likelihood ratios were calculated to assess the possible influence of the tests in clinical decisions [14] .
Results
We included 35 patients, whose epidemiological characteristics are shown in Table 2 . Circulating cytokine, PCT, and CRP levels at admission and during follow-up are shown in Table 3 . Thirteen patients (37.1%) developed sepsis within 72 hours after diagnosis of febrile neutropenia. Of these, six showed clinical signs of severe sepsis and four had septic shock. Nine of the thirteen patients who developed sepsis were initially categorized as high risk. Bacteria were found in ten septic patients: in eight patients via blood culture (four catheter-drawn and four venipuncture) and in two patients via urine cultures. Blood cultures were positive for three coagulase-negative staphylococci (two Staphylococcus epidermidis, one Staphylococcus caprae), one Enterococcus raffinosus, two E. coli, and one Enterobacter sp. In one case, the same bacterium (Pseudomonas oryzihabitans) was isolated both in peripheral and catheter blood cultures. Two urine cultures were positive for Klebsiella pneumoniae. In three patients with signs of shock, no bacteria were recovered. There were no deaths within 60 days after enrollment. Six patients (17.1%) were admitted to the intensive care unit (ICU). The kinetics of cytokines in septic and nonseptic patients is shown in Figure 1. 3.1. Factor Analysis. Cytokines were included in a factor analysis model comprising the five moments of measurement. The cumulative total variance explained by the model was 94.1%, with a Kaiser-Meyer-Olkin measure of sampling adequacy of 0.85 and Bartlett's sphericity test with P < 0 0001. The model reduced the 10 variables to three factors, whose loadings are shown in Table 4 . G-CSF presented communality <0.4 and was removed.
The scores computed for factors 1, 2, and 3 were analyzed by mixed models with repeated measurements and sepsis as fixed effects. Factor 2, representing IL-6, IL-8, and IL-10 loadings, showed different estimated means between sepsis and nonsepsis (−0.34 and 0.33; P = 0 000) and negatively correlated (Spearman) with number of neutrophils (coefficient: −0.56; P = 0 000), lymphocytes (−0.36; P = 0 001), and monocytes (−0.43; P = 0 000). Factor 1, representing IL-1β, IL-17, IL-12/23p40, IL-17, IL-21, and TNF-α loadings, showed a negative correlation (coefficient: −0.39; P = 0 013) with CRP and positive with the number of neutrophils (coefficient: 0.36; P = 0 001) and monocytes (coefficient: 0.23; P = 0 035). Factor 3, comprising GM-CSF loading, showed a negative correlation with the total number of monocytes (coefficient: −0.23; P = 0 037). Factors 1 and 3 showed no differences in estimated means for sepsis.
Mixed Models for Individual
Markers. IL-6 showed significant temporal variation (negative slope) between day 1 and day 3 (estimated mean difference: −209 pg/mL; P = 0 000), between day 1 and day 5 (mean difference: −173.7; P = 0, 02), and between day 1 and day 14 (−242.5; P = 0 000). In the evaluation of sepsis as a fixed effect, the estimated means were 181.1 pg/mL for septic patients and 24.8 for the others (P = 0 000).
IL-8 showed different estimated means for patients who developed sepsis (265.9 pg/mL) and patients who did not (40.9; P = 0 0000). It also showed significant temporal variation with negative slope between day 1 and day 3 (estimated mean difference: −364 pg/mL; P = 0 002), between day 1 and day 5 (−363.5 pg/mL; P = 0 003), and between day 1 and day 14 (−434.7; P = 0 000).
For IL-10, the estimated means were also different between patients with sepsis and nonseptic patients (8.5 pg/ mL and 1.9; P = 0 004). There was significant temporal variation, with negative slope between day 1 and day 2 (estimated mean difference: −11.5; P = 0 038), between day 1 and day 3 (−14; P = 0 011), between day 1 and day 5 (difference: −14.9; P = 0 007), and between day 1 and day 14 (−15.6; P = 0 005). Figure 2 shows the fitting lines for IL-6, IL-8, and IL-10, for septic and nonseptic patients.
IL-12/23p40 had higher estimated means for the nonoccurrence of sepsis (263.3 pg/mL versus 93.5 for sepsis; P = 0 044). There was no significant temporal variation.
IL-17 also showed no significant temporal variation. For patients who developed sepsis, the estimated means were 2.22 pg/mL, and for the others, 26.5 pg/mL (P = 0 04). The correlation between IL-17 and IL-12/23p40 was linear with R 2 = 0.88 (P = 0 000). Figure 3 shows the fitting lines of IL-12/23p40 and IL-17 along the measurements and their linear regression.
There was no significant temporal variation of IL-1β. For patients with sepsis, the estimated means were 7.7, and for nonseptic patients, 0.41 pg/mL (P = 0 11). IL-21 showed expression in only one nonseptic patient on day 1, with erratic expression in a few other patients along the days, and was not analyzed in mixed models.
GM-CSF showed estimated means of 1.3 and 1.8 pg/mL for patients with sepsis or not (P = 0 15). There was no significant temporal variation.
TNF-α had estimated means of 1.44 pg/mL for patients with sepsis, and 4.6 (P = 0 16) for nonseptic patients, also with no significant temporal variation.
Leukocytes (total counts) showed significant temporal variation (positive slope), with a mean difference of +1369 cells/μL between day 1 and day 5 (P = 0 003) and +3059 cells/μL between day 1 and day 14. For septic patients, the mean estimated leukocyte counts were 1608 cells/μL versus 2067 cells/μL for nonseptic patients (P = 0 3). For neutrophils, the estimated means were 967 and 745 cells/μL for septic patients or nonseptic patients (P = 0 46). There was an increase along the days (mean difference: +1850 cells/μL to day 14; P = 0 036). Lymphocytes also showed an increase up to day 14 (+745 cells/μL; P = 0 02). For septic patients or nonseptic patients, the estimated means were 483.1 and 292.2 cells/μL (P = 0 08). Figure 4 shows the temporal variation in the number of leukocytes. Monocytes showed significant temporal variation between day 1 and day 3 (positive slope, mean difference: 235 cells/μL; P = 0 03), between day 1 and day 5 (+371.8 cells/μL; P = 0 03), and between day 1 and day 14 (+592 cells/μL; P = 0 001). For septic patients or nonseptic patients, the estimated means were 347 and 391 cells/μL (P = 0 63). When the occurrence of positive blood cultures was added to the model, the estimated means were 107.8 and 257.8 cells/μL for septic or nonseptic patients (P = 0 017).
Platelets decreased between the days 1 and 2 (mean difference: −46,827 platelets/μL; P = 0 027), increasing until day 14 (+48,361 platelets/μL; P = 0 028). There were no significant differences related to the occurrence of sepsis.
The CRP showed estimated means of 106.1 mg/L for septic and 52.9 for nonseptic patients (P = 0 14), with significant temporal variation from days 1 to 5 (negative slope, mean difference: −141.5). 3.3. Filgrastim and Cytokine Levels. Among the patients included, 19 were receiving filgrastim at the time of inclusion in accordance with chemotherapy protocols. Eight (42%) of these patients developed sepsis. On the first day of fever, IL-6, IL-8, IL-10, and G-CSF showed differences in the distribution or in the medians of patients who received filgrastim and those who did not. For IL-6, IL-8, and G-CSF, the differences on the Mann-Whitney U test remained significant after removal of septic patients: for IL-8, P = 0 042, 99% CI 0.037-0.047; IL-6, P = 0 006, 99% CI 000.3-0.006; and G-CSF, P = 0 000. Despite the higher median of PCT in the patients who received filgrastim, the difference was not significant (Table 5) . In the mixed model, G-CSF presented different estimated means between septic and nonseptic patients (2685.76 and 1509.6; P = 0 009). The temporal variation was significant (negative slope), with a mean difference of −1608 between day 1 and day 5 and −3191 between day 1 and day 14.
Analysis of the Biomarkers as Sepsis Discriminators.
Septic and nonseptic patients showed significant differences at day 1 by the Spearman test for IL-8, IL-6, IL-10, and PCT. These markers were tested with ROC curves as discriminators of sepsis, and their performances are shown in Table 6 . The performances of the cutoff values of the biomarkers, their combinations, and the comparison with the high-risk assessment model are shown in Table 7 .
Optimal cutoff points were determined by the Youden J index, ranging from 0 (zero-no accuracy) and 1 (perfect test) [13] . For LR+, values >10 have a great impact on diagnosis; between 5 and 10, moderate impact; and between 2 and 5, low impact. For LR−, values <0.1 have a great impact. The impact is moderate for values between 0.1 and 0.2 and low for values between 0.2 and 0.5. For both, values equal to 1 show no impact [14] .
The use of filgrastim caused minor changes in the areas under the ROC curves of IL-8 (0.88; P = 0 04) and IL-6 (0.78; P = 0 037) for sepsis discrimination. For patients who did not receive filgrastim, the AUC was 0.83 for IL-8 (P = 0 034) and 0.9 for IL-6 (P = 0 009).
IL-8 and PCT correlated with the duration of fever by linear regression (IL-8: P < 0 0001, R 2 = 0 42; PCT: P < 0 0001, R 2 = 0 45). IL-6 also showed a correlation with the time of fever, but only on Spearman's test (P = 0 001). 
Discussion
In our septic patients, the cytokines with a greater expression were IL-6 and IL-8, which are produced by multiple types of cells, and were apparently spared by chemotherapy. IL-6 is produced by lymphocytes, macrophages, dendritic cells, endothelial cells, fibroblasts, and smooth muscle cells in response to stimulation with LPS, IL-1, and TNF-α. IL-6 levels tend to remain high in sepsis, and one of its biological effects is the induction of fever [15, 16] . IL-8 also is produced by fibroblasts and epithelial, mesothelial, and endothelial cells, in addition to monocytes and neutrophils [17] . TNF-α and IL-1β, produced primarily by activated macrophages, had little expression. The peaks of systemic release of TNF-α and IL-1β occur quickly (90 min after endotoxin administration in human volunteers for TNF and 180 min for IL-1β) [18] . In addition, both do not show consistent patterns of gene expression and are highly variable between individuals, and their expression is downregulated by IL-6 and IL-10 [16] . The inflammatory response in sepsis of febrile neutropenia appears to be similar to that in the nonneutropenic patients [19] . In our study, the anti-inflammatory response, characterized by IL-10 expression, accompanied IL-8 and IL-6 variance in time, showing that pro-and anti-inflammatory responses occur early and simultaneously. The shared variance of IL-8, IL-6, and IL-10 (factor 2 in factor analysis) was correlated with the development of sepsis. The shared variance of IL-21, IL-17, IL-12/23p40, TNF-α, and IL-1β (factor 1) correlated positively with neutrophil and lymphocyte counts and negatively with CRP, suggesting that this variance may be related to homeostasis regarding sterile inflammation, because CRP means decreased toward day 5, as leukocytes recovered. The kinetics of cytokines observed in the mixed models showed that there was initially a "storm" of IL-6 and IL-8, which was sustained on the first 2 days, correlating with the time of fever and decreasing on the third day, in a proinflammatory response similar to what is described in nonneutropenic patients [20] . The concomitant anti-inflammatory response of IL-10 also decreases sharply after the second day. The fitting lines show that the expression of these cytokines becomes similar between nonseptic and septic patients at approximately day 10.
IL-12 and IL-23 share the subunit p40, and it was this subunit that was measured in this study. Therefore, it is not possible to determine the individual contribution of IL-12 or IL-23. However, the linear relationship between the measurements of IL-12/23p40 and IL-17 (R 2 = 0 88) suggests that we have been dealing almost exclusively with IL-23, which is the inducer of IL-17, and that observed fluctuations must belong to axis IL-23/Th17. IL-12 and IL-23 are secreted mainly by resident tissue macrophages and dendritic cells. Whereas IL-12 promotes differentiation of naïve CD4 cells in Th1 producing interferon (IFN-γ) cells, IL-23 does not promote Th differentiation directly due to the absence or low expression of IL-23 receptors (IL-23R) in naïve lymphocytes. In mice, the transforming growth factor beta (TGF-β), IL-1, and IL-6 induce the expression of retinoic acid-related orphan receptor gamma (ROR-γt), a lineage-specific transcription factor that induces the transcription of IL-17A and IL-17F, encoding genes in CD4+ naïve cells [21, 22] . The later stages of Th17 differentiation (clonal expansion, phenotypic stabilization with IL-17 production) apparently depend on IL-23 expression [23] . Although the IL-23/Th17 axis has been described as the orchestrator of the recruitment and activation of neutrophils and a key player in chronic inflammation and autoimmunity, recent evidence suggests that the effector cytokines Th17 (IL-17 and IL-22) play a crucial role in maintaining mucosal immunity, protecting against extracellular bacteria and fungi. This includes the intestinal lining, where these cytokines assist in maintaining the physical barrier intact and induce the expression of antimicrobial peptides to prevent invasion by luminal bacteria [24] . It is well known that the intestinal flora is a major source of serious infections in patients undergoing chemotherapy [25] . Our nonseptic patients had higher IL-12/ 23p40 and IL-17 means, suggesting integrity of the IL-23/ Th17 axis, which is not apparent in the septic patients. Five of the eight isolates from blood cultures in our septic patients were intestinal bacteria. The low expression of IL-17 can be explained by depletion and impairment of naïve Th cells after cytotoxic chemotherapy and by the reduction in absolute numbers of lymphocytes producing IL-17 in septic patients [26, 27] . Depletion of CD4+ cells may also explain the almost-absent expression of IL-21, another cytokine involved in Th17 differentiation: IL-6 induces IL-21 expression, which in turn amplifies an autocrine loop to induce more IL-21 and IL-23 receptors in naïve CD4+ cells. Both IL-21 and IL-23 together with TGF-β can induce IL-17 expression irrespective of IL-6 [28] . This deficiency in the IL-23/Th17 axis may be an important immunosuppressant factor in febrile neutropenic sepsis. It is not possible, however, to establish causal relationships.
Various authors have studied the role of biomarkers for diagnosing bacterial infections in children with febrile neutropenia. Stryjewski et al. evaluated IL-6, IL-8, and PCT for discrimination of bacterial sepsis in neutropenic children and observed an excellent discriminating power of PCT 24 hours after admission. For IL-6 and IL-8, the power of discrimination was considered good after 24 and 48 hours after admission, and the best observed result was the combination of IL-8 and PCT (sensitivity 94% and specificity 90% for PCT >500 and IL-8 >20 pg/mL) [29] . Urbonas et al. described an IL-10 sensitivity of 73% and a specificity of 92% (cut-off: 18 pg/mL) for discrimination of sepsis or bacteremia in febrile neutropenic children [30] . In our study, we tried to evaluate the usefulness of other cytokines as discriminators of sepsis on admission, within the first 24 hours of fever, when clinical signs of severe infections can still be subtle or absent in neutropenic children. We confirmed the observations of other authors about the good performance of IL-6, IL-8, IL-10, and PCT. We also demonstrated that the combination of one of these markers improves the performance of a risk assessment model (e.g., IL-8 >240 + high risk, or PCT >180 + high risk). In this sense, IL-8 has been validated by Miedema et al., being useful when combined with clinical parameters to stratify patients at risk for bacterial infections, in order to shorten antibiotic treatment in selected patients [31] . The other cytokines in our study (IL-1β, TNF-α, IL-12/23p40, IL-21, IL-17, G-CSF, and GM-CSF) do not appear to be useful markers for clinical decisions regarding sepsis. High local and systemic concentrations of G-CSF are found in patients with infections. At sites of infection, G-CSF is produced by monocytes and macrophages [32] . In animal models of sepsis, pretreatment with G-CSF attenuated serum levels of TNF induced by LPS, as well as ex vivo TNF release in different populations of macrophages. This did not occur with the addition of G-CSF in cultures of macrophages, indicating that pretreatment alters the cytokine response in sepsis indirectly, by indefinite factors or effector cells [33] . In blood samples from volunteers treated with G-CSF subcutaneously 1 day before collection, ex vivo stimulation with LPS caused an increase in IL-6, IL-8, IL-10, G-CSF, IL-1 receptor antagonist (IL-1ra), and soluble TNF receptor release and reduced the release of IFN-γ and GM-CSF [34] . These studies show inflammatory and anti-inflammatory effects of G-CSF. We found no studies about effects of filgrastim on the inflammatory response in febrile neutropenic children. In our study, filgrastim administration apparently upregulates the systemic release of IL-8, IL-6, and IL-10 on the first day of fever, with little impact on sepsis discrimination capability.
This study has several limitations, the most obvious being the small number of patients. The number of biomarkers that we measured was also limited, and we left out important cytokines in the inflammatory and anti-inflammatory response, such as IFN-γ and IL-4. Another limitation was the commercial nonavailability of IL-23p19 for the CBA method at the time. However, as strengths, we raised the need to clarify in future studies the role of filgrastim in inflammatory and anti-inflammatory responses in febrile neutropenic children and also to elucidate the role of IL-23-Th17 axis in the sepsis of these patients.
Conclusions
During febrile neutropenia, pro-and anti-inflammatory cytokines are detected simultaneously in the blood in children with oncological diseases. We observed deficiencies in the IL-23-Th17 axis and the IL-21 expression in these patients, which may characterize aspects of immunosuppression in those progressing to sepsis. The study further supports the usefulness of IL-8, IL-6, IL-10, and PCT as biomarkers of sepsis in febrile neutropenic children. Filgrastim appears to regulate upward expression of these markers on the first day of fever, with little impact on diagnostic performance.
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